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Comparative  analyses  utilizing  collision-induced  dissociation  (CID)  and  vacuum  ultraviolet  photodis-
sociation  (VUVPD)  for  seven  isobaric  disaccharides  have  been  performed  in  order  to  differentiate  the
linkage  type  and  anomeric  configuration  of the isomers.  Although  an  individual  CID  spectrum  of  a disac-
charide  ion  provides  information  related  to  its  structure,  CID does  not  sufficiently  differentiate  mixture
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components  due  to the  identical  mass-to-charge  values  of most  of  the  intense  fragments.  In  contrast
to  the  ambiguity  of the  CID analyses  for the  disaccharide  mixture,  VUVPD  (157  nm)  generates  unique
fragments  for each  disaccharide  ion that are  useful  for distinguishing  individual  components  from  the
mixture.  When  combined  with  a gas-phase  ion  mobility  separation  of  the ions,  the  identification  of  each
component  from  the mixture  can  be  obtained.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Carbohydrates play numerous roles in biological systems, from
 means of providing energy, to establishment of vital structural
lements that allow cellular recognition [1–8]. Unlike linear poly-
eric chains of amino and nucleic acids, carbohydrate structures

an exhibit significant complexity, arising from different monosac-
haride residues, multiple linkage positions and anomericities, as
ell as other factors (e.g., position within a protein fold). Despite

remendous effort, much remains to be understood about these
nteresting molecules. For example, it is important to determine
inkage types and anomeric configurations between the individ-
al residues simply to understand the covalent structures of these
olecules.
In this paper, we take a reductionist approach to understanding

arbohydrate structure, focusing on characterizing the structures
f some of their simplest forms, a series of related disaccharides
that are formally isomers). At first glance, such a simple system
ould seem trivial for modern techniques; however, its complexity
resents significant challenges that make improvements in tech-
ologies desirable, and hence a focus of this work. Disaccharides
hemselves are also important; they are often the products of enzy-

atic activity (e.g., heparinase and pancreatic amylase activity
esults in formation of disaccharides) [9,10] and thus, the develop-

ent of rapid and sensitive techniques that are capable of detailed

tructural characterization is important for practical applications.

∗ Corresponding author.
E-mail address: clemmer@indiana.edu (D.E. Clemmer).

387-3806/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2011.09.013
There is a substantial history associated with the use of mass
spectrometry (MS) [11–26] for determining the structures of carbo-
hydrates. Collision-induced dissociation (CID) has been extensively
applied to differentiate the carbohydrate isomers where the gen-
eration of characteristic CID fragmentation related to linkage type
and anomeric configuration is useful for elucidating carbohydrate
structure [11–15].  More recently, vacuum ultraviolet photodis-
sociation (VUVPD) has also been utilized for detailed structural
assignments [23–25].  High-energy dissociation upon UV laser irra-
diation can lead to the generation of additional cross-ring fragment
ions that are instructive for assigning specific branching and glyco-
sidic linkages. Electron capture (and transfer) dissociation methods
can also produce cross ring glycan fragments [19,20],  and are espe-
cially intriguing for structural characterization by MS  because these
dissociative techniques tend to cleave the peptide backbone (on
glycopeptides and glycoprotein complexes) which is useful for
locating glycosylation sites along polypeptides [26]. It is interesting
that little structural information about the glycan is obtained from
these experiments when the glycopeptide form is the precursor
ion.

Tandem mass spectrometry (MSn) analyses of individual car-
bohydrate ions provide a powerful means of determining many of
the details of structures; however, such state-of-the-art methods
[13–16] are still challenged when isomers having identical mass-
to-charge (m/z) values exist in a mixture. To achieve complete
analysis of an isobaric mixture, often a m/z  independent separation
step is required prior to MS  or MSn experiments. Capillary elec-

trophoresis can be employed as a separation tool, but this often
introduces a need to chemically modify molecules such that UV or
fluorescence detection schemes can be employed, and the solution
conditions that are used in these studies are often incompatible

dx.doi.org/10.1016/j.ijms.2011.09.013
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:clemmer@indiana.edu
dx.doi.org/10.1016/j.ijms.2011.09.013
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ith electrospray ionization (ESI) [27,28]. The approach that we
xamine in this paper uses ion mobility spectrometry (IMS) coupled
ith MS.  We  aim to incorporate the powerful MSn strategies, and
ope to improve upon such methods by using the IMS  as a means
f simplifying the mixture prior to MS  analysis. IMS can separate
someric carbohydrates due to differences in their mobilities in the
as-phase and thus is easily coupled to MS  devices [22,29,30].  Here,
e also explore VUVPD to generate fragments because it appears to

ffer advantages for these types of molecules compared with CID.

. Experimental

.1. Sample preparation and ionization

All disaccharides used in this study have been obtained from
igma–Aldrich (St. Louis, MO)  and are used without further purifi-
ation. The seven disaccharides are as follows: gentiobiose (�1–6),
elibiose (�1–6), palatinose (�1–6), leucrose (�1–5), cellobiose

�1–4), sucrose (�1–2), and trehalose (�1–1). Singly sodiated
[M+Na]+) disaccharide ions are produced by electrospraying a
olution containing 100 �M of the disaccharide in a 50:50 (vol.%)
ater:acetonitrile and 2 mM NaCl solution. The sample mixture of

even disaccharides is prepared in the same solution to provide a
nal concentration of 100 �M for each molecule. The samples are

nfused through a pulled capillary (75 �m i.d., 360 �m o.d.) tip at a
ow rate of 300 nL min−1 using a syringe pump (KD Scientific, Hol-

iston, MA). The capillary tip is maintained at a DC bias of ∼2.0 kV
bove the voltage of the entrance plate to the desolvation region.

.2. Ion mobility/mass spectrometry measurements

General aspects of IMS  instrumentation, techniques, and the-
ry have been reviewed previously [20,29–38].  For these studies,

 home-built ion mobility spectrometer is coupled to a LTQ Velos
nstrument (Thermo Electron, San Jose, CA). Detailed descriptions
f the novel instrument used for the current studies are pro-
ided elsewhere [39,40]. Only a brief overview of the experimental
ethods is presented here. Positively charged ions from the ESI

ource are focused through an hour glass ion funnel (F1) [41]. The
ons are accumulated in the back of F1 and periodically (at a fre-
uency of 55 Hz) extracted into a drift region via an introduction
ate. The drift tube is ∼1 m long with a uniform electric field of
2.3 × 103 V m−1 and contains ∼3 Torr of an inert buffer gas mix-

ure (N2 and He). As a narrow packet of ions from the introduction
ate travels through the buffer gas, individual ions separate accord-
ng to differences in their mobilities. After mobility separation, ions
re transferred through a second ion funnel (F2) that is used to focus
he diffuse ion cloud. To select ions with specific mobilities, a volt-
ge pulse (80 �s width) is applied to a selection gate and the pulse
s delayed from the initial ion pulse by a determined amount of
ime. To obtain the IMS  distribution, the ion signal is recorded as
he delay time is scanned across the total drift time range (from
11 to ∼18 ms)  using time increments of ∼80 �s.

It is noteworthy to consider factors affecting the mobility sep-
ration of the mixture components. It is possible that potential
ifferences in ion neutral interaction associated with the buffer
as mixture play a role in the mobility separation that is achieved.
s noted above, the buffer gas mixture permits the use of signifi-
antly higher fields than in drift tubes that utilize ∼3 Torr of pure
e. For these studies, it is likely that the usage of a higher drift
eld (∼2.3 × 103 V m−1) has a greater impact on the relatively high-

esolution (compared to longer drift tubes) mobility separation.
obility distributions obtained for protein, peptide, oligosaccha-

ide, and glycan ions using this 1 m drift tube are similar to those
btained with a 2 m drift tube filled with pure He.
 Spectrometry 309 (2012) 161– 167

Mobility-selected ions exiting the drift tube enter the LTQ ion
trap mass spectrometer. A mass spectrum can also be obtained
without mobility separation by turning off the ion gates. Ions are
isolated inside the linear trap with a ±1 Th isolation window prior
to ion activation. Mobility and/or mass-selected ions are stored in
the trap and they can be dissociated by either 157 nm photoexci-
tation or collisional activation. Details regarding the modified LTQ
providing the capability for photodissociation have been reported
[24,25,39,40]. Briefly, a F2 laser (EX100HF-60, GAM Laser, Orlando,
FL) has been connected to the rear of the LTQ with a vacuum line.
A single pulse of 157 nm light is introduced into the ion trap at the
beginning of a 10 ms  activation period with 0% normalized collision
energy and an activation q of 0.1. For CID experiments, a resonant
RF excitation waveform is applied for 10 ms  with 25% normalized
collision energy and an activation q of 0.25. Photofragment ions of
interest are subjected to MS3 analysis by CID under the same ion
isolation and CID conditions as the MS2 experiments.

3. Results and discussion

3.1. Comparison of CID and VUVPD for individual disaccharides

The MS2 spectra generated by CID and VUVPD for seven isobaric
disaccharides have been examined to evaluate their diagnos-
tic value for differentiation of the isomers. The Domon–Costello
nomenclature is used to assign all product ions [42]. Figs. 1 and 2
show MS2 spectra of electrosprayed [M+Na]+ disaccharide ions
obtained using CID and VUVPD, respectively. Additionally, the
product ions obtained from CID and VUVPD are listed in
Tables 1 and 2, respectively.

Previous work has shown that VUVPD provides more informa-
tive product ions than CID for glycan and oligosaccharide isomers
[23–25]. Similarly, for the isobaric disaccharides studied here, the
VUVPD spectra of individual disaccharide ions show additional
cross-ring cleavage ions that are not observed in the CID spec-
tra. As shown in Figs. 1 and 2, more complicated fragmentation
patterns arise upon photoexcitation of the [M+Na]+ disaccharide
ions compared with collisional activation. For example, VUVPD of
the [M+Na]+ sucrose ions produces additional fragment ions at
m/z = 231, 261, and 275 originating from nonreducing cross-ring
cleavages. In contrast, the CID spectrum of the [M+Na]+ sucrose ions
contains only glycosidic cleavage ions at m/z = 185 and 203 (Fig. 1a
and Table 1). Likewise, activation of the [M+Na]+ trehalose ions by
VUVPD generates additional cross-ring cleavage ions at m/z = 231
and 276. Another unique fragment that is observed in the VUVPD
spectrum is associated with the loss of a side chain (–CH2OH) which
appears generally at m/z = 334 (m/z = 333 for palatinose). It is noted
that several CID fragments, such as the ions at m/z = 185, 275 (with
the exception of sucrose) and 305, are not observed in the VUVPD
spectra. However, fragment ions related to such ions (m/z = 185,
275) are observed arising at m/z = 186 and 276. The ion at m/z  = 186
involves the homolytic cleavage of the linkage bond without the
glycosidic oxygen. The fragment at m/z = 276 is due to the reduc-
ing cross-ring cleavage (fragmentation involving H-transfer). Thus,
the same assignments are used for these ions and designated by a
superscripted 1 indicating the difference of +1 Th.

Another unique feature in the VUVPD spectra is the observation
of glycosidic cleavage ions with both the reducing and nonreducing
outcomes for the glycosidic oxygen occurring at m/z  = 201, 202, and
203 (C−2

1 /Y−2
1 , C−1

1 /Y−1
1 , and C1/Y1, respectively). These ions with

the glycosidic oxygen are present in all VUVPD spectra; however,

their relative intensities are not the same for all isomers. In fact,
the relative intensities of the glycosidic cleavage ions can be used
to differentiate anomeric configurations (discussed below). Over-
all, VUVPD results in comprehensive reducing and nonreducing
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Fig. 1. CID spectra of the [M+Na]+ precursor ions. Spectra shown include: (a) gentio-
biose (�1–6); (b) melibiose (�1–6); (c) palatinose (�1–6); (d) leucrose (�1–5); (e)
cellobiose (�1–4); (f) sucrose (�1–2); and (g) trehalose (�1–1). Glycosidic cleavage
ions  (B1/Z1 and C1/Y1) are observed at m/z = 185 and 203, respectively. Cross-ring
cleavage ions are observed at m/z = 245, 275, and 305 corresponding to the loss of
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VUVPD spectra show differences in relative intensities of the
2H4O2, C3H6O3, and C4H8O4 fragments, respectively. Neutral loss of H2O appears
t  m/z = 347. All product ions are singly sodiated.

ragments containing glycosidic, cross-ring, and side-chain cleav-
ge ions. Fig. 2 shows possible bond cleavages caused by
hotofragmentation of the individual disaccharides.

The cross-ring cleavage ions obtained by VUVPD can provide
pecific structural information for the isobaric disaccharides. All
isaccharides except sucrose and trehalose generate a cross-ring
leavage ion at m/z = 259 that indicates the loss of C3H6O4. The for-
ation of the fragment ion at m/z  = 259 is possible if the precursor

on has OH groups on three ring carbon that are adjacent to each
ther or to the ring oxygen, or OH and CH3OH groups on the same
ing carbon adjacent to the ring oxygen. As shown in Fig. 2, sucrose

as a CH3OH group next to the ring oxygen instead of an OH group.
hus, the –C3H6O4 fragment ions are absent in the VUVPD spec-
rum of the [M+Na]+ sucrose ions (Fig. 2f). In addition, the product
 Spectrometry 309 (2012) 161– 167 163

ion at m/z = 229 (3,5A2) is a structurally specific fragment for the
[M+Na]+ leucrose ions (Fig. 2d). Based on the structures of the seven
disaccharides, only leucrose can undergo loss of C4H8O5.

One attractive advantage of the VUVPD approach for character-
ization of the isobaric disaccharides is the production of distinctive
fragments for the individual isomers. For example, the fragment
ions at m/z = 184, 261, and 275 are unique for the [M+Na]+ sucrose
ions (Fig. 2f and Table 2). The product ion at m/z  = 333 (–CH3OH) is
only observed for the [M+Na]+ palatinose ions. As mentioned above,
the structurally specific fragment at m/z = 229 is a characteristic
peak for the [M+Na]+ leucrose ions. The peak at m/z  = 319 is unique
for both the [M+Na]+ gentiobiose and melibiose ions. These two iso-
mers have identical structures with the exception of the anomeric
configuration of the glycosidic bond. Thus, they have very similar
VUVPD fragmentation patterns. However, the stereoisomers can
be distinguished because � and � anomers have different rela-
tive intensity ratios of the peaks at m/z = 202 and 203 (described
below). Below we show that these unique fragments are useful for
identifying individual components within a mixture of the seven
disaccharides.

3.2. Differentiation of linkage isomers by MS2 analysis of
individual disaccharides

Previous studies have shown that CID fragmentation patterns
depend on the linkage type of isomeric sugars [11,12]. Similarly, the
CID spectrum for each of the seven disaccharides (analyzed individ-
ually) exhibits linkage-type dependent fragment ions. Two major
dissociation pathways for both the 1–1 and 1–2 linked disaccha-
rides, trehalose and sucrose, respectively, are glycosidic cleavages
producing a nonreducing ring without the glycosidic oxygen (B1/Z1
at m/z = 185) and the reducing end of a glycosidic cleavage ion
(C1/Y1 at m/z = 203). The 1–4 (cellobiose), 1–5 (leucrose), and 1–6
linked disaccharides (palatinose, melibiose, and gentiobiose) gen-
erate not only glycosidic cleavage ions but also cross-ring cleavage
ions with differences in their relative intensities. The observation
of a CID peak at m/z = 245 (C4H8O4 loss) is characteristic of the
1–6 linked disaccharides: palatinose, gentiobiose, and melibiose,
as indicated in Table 1.

Similar to the CID spectra, the VUVPD spectra provide structural
information associated with linkage type and anomeric configu-
ration of precursor ions. The –C4H8O4 product ion at m/z = 245 is
relatively abundant for the 1–6 linked disaccharides. The 1–4 and
1–5 linked disaccharides also exhibit this fragment ion at compar-
atively lower intensities.

3.3. Differentiation of anomers by MS2 analysis of individual
disaccharides

In the CID spectra, the �- and �-configuration of the glyco-
sidic bonds in the 1–6 linked disaccharides can be distinguished
by examining the relative intensity of the peak at m/z = 203. Two �
anomers among the 1–6 linked disaccharides (melibiose and palati-
nose) present higher abundances of the ion at m/z  = 203 compared
to the fragment at m/z = 185 (Fig. 1). In contrast, the � anomer of
the 1–6 linked disaccharide (gentiobiose) shows a very low inten-
sity peak at m/z = 203. Irrespective of the linkage type, the other �
anomers (leucrose, sucrose and trehalose) show consistently more
abundant peaks at m/z = 203. The comparison of relative intensities
of the peak at m/z = 203 to fragment at m/z = 185 provides a reliable
means of anomeric differentiation.
glycosidic cleavage ions at m/z = 202 and 203 that can be used to
differentiate anomeric configuration among isobaric disaccharides.
The product ion at m/z = 202 (C1

−1/Y1
−1) is a counterpart to the
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Fig. 2. VUVPD spectra of the [M+Na]+ precursor ions. Spectra shown include: (a) gentiobiose (�1–6); (b) melibiose (�1–6); (c) palatinose (�1–6); (d) leucrose (�1–5); (e)
cellobiose (�1–4); (f) sucrose (�1–2); and (g) trehalose (�1–1). Unique fragments for individual disaccharides are highlighted in red. Different combination of the peaks
labeled  in blue can be used to distinguish the isomers. Unique schematic representations of the VUVPD fragment ions (except ions at m/z  = 275, 276, 333, 334, and 347 that
are  due to multiple possible cleavages) are shown on the molecular structures of individual disaccharides. All product ions are singly sodiated. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of the article.)

Table 1
Mass spectral data of CID fragment ions for isobaric disaccharides.

m/z Gentiobiose Melibiose Palatinose Leucrose Cellobiose Sucrose Trehalose
(�1–6)  (�1–6) (�1–6) (�1–5) (�1–4) (�1–2) (�1–1)

185 X X X X X X
203  X X X X X X X
245  X X X
275 X X X X X
305 X  X X X X
347 X  X X X X
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Table 2
Mass spectral data of photofragment ions for isobaric disaccharides.

m/z Gentiobiose Melibiose Palatinose Leucrose Cellobiose Sucrose Trehalose
(�1–6)  (�1–6) (�1–6) (�1–5) (�1–4) (�1–2) (�1–1)

184 X
186 X X X X X X X
201  X X X X X X X
202 X  X
203  X X X X X X X
229  X
231 X X X X X X X
245 X X X X X
259  X X X X X
261 X
275,276a X X X X X
319  X X
333 X
334 X X X X X X X
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347 X  X X 

a The ion at m/z = 276 is the H-transfer cross-ring cleavage ion of m/z = 275. In the

ragment ion at m/z = 186 (B1
1/Z1

1) that is due to the homolytic
leavage of the glycosidic bond. For � anomers, the peak inten-
ity at m/z = 202 is higher than that at m/z  = 203. Both the CID and
UVPD spectra show that the linkage-bond cleavage on the side
f the glycosidic oxygen is associated with �- and �-configuration
f glycosidic bonds. Finally, the appearance of cross-ring cleavage
ons at m/z = 276 (m/z = 275 for sucrose) indicates the � anomer
Table 2).

.4. MS3 analyses of individual disaccharides

Previous reports have indicated that higher-order tandem MS
xperiments provide additional structural information that can be
sed to identify precursor ions [12–16].  We  previously showed that
ollisional activation of photofragment can help to identify them
24,39]. As another example of this strategy, the photofragment
ons produced from palatinose and trehalose have been examined.
he −C5H10O4 fragment at m/z = 231 (1,5X1) obtained by VUVPD
s a nonspecific, cross-ring cleavage ion for the seven isobaric dis-

ccharides. CID spectra of the photofragment (m/z = 231) from the
M+Na]+ palatinose and trehalose ions are shown in Fig. 3. The neu-
ral loss of H2O is a major fragment ion at m/z  = 213 for the CID of

ig. 3. CID spectra of the photofragment ion at m/z = 231 (1,5X1) produced by VUVPD
f  (a) palatinose (�1–6) and (b) trehalose (�1–1).
X X X

D spectra, the ion at m/z = 275 is a unique fragment for sucrose.

the palatinose photofragment ion. Additionally, CID of the palati-
nose fragment ion generates several cross-ring cleavage ions at
m/z = 113, 141, 155, and 171 corresponding to losses of C4H6O4,
C3H6O3, C2H4O3, and C2H4O2 fragments, respectively (Fig. 3a).
The ion at m/z = 155 is a structurally specific fragment ion for the
[M+Na]+ palatinose ions. Here, the loss of C2H4O3 is possible if the
disaccharide has OH and CH3OH groups on the same ring carbon
adjacent to the ring oxygen. In comparison to the MS3 analysis of
palatinose, CID of the trehalose photofragment ion results in sim-
ply the −CH2O2 ion at m/z = 185 (Fig. 3b). Probing the nonspecific
photofragment with CID reveals different dissociation pathways
that can be linked to the structures of the precursor ions.

In separate studies, the nonspecific product ion at m/z = 201
(Fig. 2) also shows different fragmentation patterns for the
disaccharide isomers. Collisional activation of the trehalose
photofragment ion at m/z = 201 shows products at m/z = 125, 141,
155, and 183. With the exception of the ion at m/z  = 155, the same
product ions are observed for the palatinose photofragment ion.
The distinctive product ion (m/z = 155) in the MS3 spectra can help
to distinguish isomers when the MS2 analysis is not sufficient.

3.5. MS2 analyses of disaccharide isomers separated by IMS

As described above, analysis of the individual CID spectra pro-
vides information for linkage type and anomeric configuration of
isobaric disaccharides. However, for a mixture of the seven disac-
charides studied here, isomer differentiation becomes a challenge
using MS  or MS2 alone. The CID spectrum of the disaccharide mix-
ture would show the combination of all the CID fragment peaks
from each component (shown in Fig. 1) and most of these species
appear at the same m/z values. Therefore, in order to identify sample
components, an additional separation step is required prior to mass
spectrometric analysis. That said, if the resolution of the additional
separation step is not sufficient to base-line resolve each compo-
nent, obtaining evidence for the presence of each isomer from the
mixture could still be problematic due to the identical m/z values
of the CID fragments.

Fig. 4a shows the drift time distribution for the [M+Na]+ pre-
cursor ions from the seven component disaccharide mixture. The
distribution contains features ranging from ∼13.7 to ∼15.4 ms
and major features are observed at 13.98, 14.54, and 14.94 ms.
The higher mobility feature at 13.98 ms  is relatively well resolved

from the other features. The middle and lower mobility fea-
tures (14.54 and 14.94 ms,  respectively) are partially resolved and
include shoulders at 14.62 and 15.10 ms,  suggesting the presence
of several isomer ions under the broad features. Although isobaric
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Fig. 4. (a) tD distribution (XIDTD) of the [M+Na]+ ions of seven disacharride compo-
nents in a mixture. XFIDTDs obtained for the photofragments of the [M+Na]+ ions of
(b)  sucrose, (c) palatinose, and (d) leucrose are also shown. Possible bond cleavages
associated with the m/z value of the fragment used are shown on the molecular
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mobility dimension and the fact that unique fragments may  be
formed in very different abundance levels as compared to the rela-
tructure as an inset.

isaccharides are partially resolved in the mobility separation, IMS
ombined with MS  alone or even MS2 employing CID is insufficient
o identify the individual isomers from the mixture.

For the seven disaccharides mixture, coupling mobility sep-
rations with VUVPD can alleviate the ambiguity in identifying
ixture components. As described for the individual disaccharide

nalyses above, VUVPD generates unique fragments for most of
he isobaric disaccharides. Here, we demonstrate that the distinc-
ive product ions obtained by VUVPD can be utilized to reveal each

obility-selected isomer within the mixture. Additionally, a mobil-
ty distribution can be obtained by integrating the intensities of the
nique fragment ion across a narrow m/z range at each drift selec-
ion time. As shown recently [40], the extracted fragment ion drift
ime distribution (XFIDTD) requires the presence of the precursor
ons. Thus, the distribution can be representative of the ion mobil-
ty distribution of the precursor ion. Because the isobaric mixture
s comprised of ions of similar mobilities (consequently they are
artially resolved in Fig. 4a) and all mixture components have iden-
ical mass, it is difficult to assign their relative mobilities from an
MS–MS analysis alone. The XFIDTD is sufficient to determine the
xact mobility of a specific component within a mixture.

Three unique fragments at m/z = 184, 261, and 275 can be used
s a molecular fingerprint to identify sucrose. The VUVPD spec-
ra of mobility-selected ions across the higher mobility feature
13.98–14.14 ms)  show fragmentation patterns identical to the
ndividual VUVPD spectrum of sucrose (Fig. 2f) including the three
istinctive product ions. The photofragment at m/z  = 261 is the most
bundant among the unique fragments and thus it can be used to

enerate a tD distribution for sucrose precursor ions within the mix-
ure (Fig. 4b). The XFIDTD shows one feature centered at ∼13.98 ms.
 Spectrometry 309 (2012) 161– 167

These results confirm that the mixture contains sucrose existing as
the highest mobility ion among the seven disaccharides.

As the drift selection time increases above 14.22 ms,  the
fragmentation pattern upon photoexcitation changes. At a drift
selection time of 14.38 ms,  the three unique ions for sucrose are not
observed in the VUVPD spectrum and the fragment ion at m/z  = 333
becomes pronounced indicating the presence of palatinose. Addi-
tionally, a small peak at m/z = 229 corresponding to the structurally
specific fragment of the [M+Na]+ leucrose ions is observed. As the
drift selection time increases by 80 �s, the characteristic product
ion for leucrose becomes one of the main fragments and the unique
ion for palatinose becomes smaller. The XFIDTDs for the palatinose
and leucrose are obtained by extraction of the data for the unique
photofragments at m/z = 333 and 229, respectively (Fig. 4c and d).
The XFIDTDs of palatinose and leucrose show single features cen-
tered at ∼14.46 and ∼14.54 ms,  respectively. These suggest that
palatinose is the next highest mobility component in the disaccha-
ride mixture followed by leucrose.

Next, distinctive fragments for the ions at m/z  = 202 and 319 are
observed, as the drift selection time increases by 160 �s. Based on
individual VUVPD spectra (Fig. 2), the peak at m/z  = 202 is more
noticeable compared with the peak at m/z = 203 for the � anomers
which narrows identification down to cellobiose and gentiobiose.
In addition to the ion at m/z = 202, the peak at m/z  = 319 observed
only in the individual VUVPD analysis of melibiose and gentiobiose
indicates that the mobility selection from the mixture at 14.62 ms
corresponds to gentiobiose. At 14.86 ms,  the ion at m/z  = 202 van-
ishes, but the ion at m/z = 319 remains with a similar intensity.
These results suggest that the mobility of the [M+Na]+ gentiobiose
ions is slightly higher than that of the [M+Na]+ melibiose ions.

From the disaccharide mixture, the VUVPD spectrum obtained
at a drift selection time of 15.10 ms  shows a very similar fragmen-
tation pattern to that of the [M+Na]+ melibiose ions (Fig. 2). At a
drift selection time of 15.18 ms,  the peak at m/z = 202 appears again,
but now without the ion at m/z = 319, thus indicating the presence
of cellobiose in the mixture. A close inspection of the mobility-
dependent VUVPD spectra reveals that the intensity of the peak at
m/z = 259 obtained from a selection at 15.10 ms  is lower than those
at 14.86 and 15.18 ms.  As mentioned above, the ion at m/z  = 259 is
not observed in the VUVPD spectrum of the [M+Na]+ trehalose ions,
while the product ion is the most dominant peak for the [M+Na]+

melibiose and cellobiose ions. Therefore, the intensity decrease of
the peak at m/z = 259 at 15.10 ms  may  result from the absence of this
trehalose ion. To verify the presence of trehalose at 15.10 ms,  MS3

analysis has been employed. The CID spectrum of the photofrag-
ment at m/z = 201 obtained by selecting mobility ions at 15.10 ms
shows a distinctive ion at m/z = 155 that is not shown in the MS3

spectra of the melibiose and cellobiose product ions.
In summary, the observation of distinctive peaks for each dis-

accharide isomer along the ion mobility distribution is helpful to
identify individual components from the mixture. As shown in
Fig. 4a, VUVPD of the mobility selected ions at 13.98, 14.38, 14.46,
14.62, 14.86, and 15.18 ms  produces specific fragment ions for
the [M+Na]+ sucrose, palatinose, leucrose, gentiobiose, melibiose,
and cellobiose ions, respectively. Because no unique fragment is
observed for the [M+Na]+ trehalose ions, it is somewhat ambiguous
to demonstrate its presence in the mixture. However, as described
above, the fragmentation patterns resulting in different relative
intensities and the MS3 analysis can be used as complementary
information to differentiate such a component from the mixture.

With the current instrumental apparatus it is not possible to
quantify the mixture components because of the overlap in the
tive abundances of the precursor ions. That said, high-resolution
IMS  techniques (which show baseline-resolved peaks for the
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recursor ions) would allow quantitative analyses. Thus, the
mproved mobility separation combined with VUVPD has potential
or both quantitative and qualitative analyses of complex mixtures.
t is noteworthy that the proof-of-principle demonstration here
an be extended by the use of statistical analysis techniques (e.g.,
rincipal component analysis) to verify the presence of particular

somers within more complex mixtures. This may  have implica-
ions for comparative profiling experiments such as those found in
lycomics studies.

. Conclusion

Both CID and VUVPD have shown linkage- and anomeric
onfiguration-dependent dissociation patterns for the isobaric
isaccharides. More complicated fragmentation involving reduc-

ng and nonreducing cross-ring cleavages is observed from the
UV PD experiments. Additionally, VUVPD generates distinctive
hotofragments for most of the disaccharides, which are valuable

n differentiating individual components within a mixture. Incor-
oration of the gas-phase mobility separation helps to distinguish

somers having identical m/z values prior to MSn analysis. Coupling
obility separations with VUVPD experiments allows identifica-

ion of disaccharide isomers within the mixture as well as a means
o pinpoint the [M+Na]+ precursor ion mobilities. The combined
echniques show promise for applications in the study of complex

ixtures containing oligosaccharides or glycans.
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